
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
31

/2
02

5 
12

:4
9:

13
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Label-free plasm
aCINTRA CNRS/NTU/THALES, UMI 3288, R

Border X Block, Singapore 637553, Singapo
bSchool of Electrical and Electronic Engineer

Nanyang Avenue, Singapore 639798, Singap
cDivision of Advanced Materials, Suzhou In

Chinese Academy of Sciences, Suzhou 21512
dInstitute for Health Innovation & Techno

Singapore 117583, Singapore
eDepartment of Biomedical Engineering, Facu

Singapore, Singapore 117583, Singapore
fInstitut d’Electronique, de Microélectroniqu
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onic-based biosensing using
a gold nanohole array chip coated with a wafer-
scale deposited WS2 monolayer†

Lixing Kang, ‡*abc Yan Zhang,‡de Qian Gong,‡c Chandreyee Manas Das,ab

Huilin Shao,de Daniel Puiu Poenar,*ab Philippe Coquetaf and Ken-Tye Yong g

This paper reports the fabrication, testing and obtained performance of a plasmonic sensor employing

a gold (Au) nanohole array chip coated with tungsten disulphide (WS2), which is then functionalized for

the detection of protein–protein interactions. A key novelty is that the WS2 was deposited as

a monoatomic layer using a wafer-scale synthesis method that successfully provided a film of both high

quality and uniform thickness. The deposited WS2 film was transferred onto a Au nanohole array chip

using a novel method and was subsequently functionalized with biotin. The final sensor was tested and it

demonstrated efficient real-time and label-free plasmonic detection of biotin–streptavidin coupling.

Specifically, compared to a standard (i.e. uncoated) Au nanohole-based sensor, our WS2-coated Au

nanohole array boosted the spectral shift of the resonance wavelength by ∼190%, resulting in a 7.64-

fold improvement of the limit of detection (LOD).
1. Introduction

Plasmonic immunosensors have become increasingly popular
and found numerous applications. Their underlying operating
principle is the generation of a readable optical signal upon
binding of either an antigen (AG) or antibody (Ab) onto a surface
functionalized with its conjugate analyte.1 Since these sensors
offer numerous benets, such as high sensitivity and accuracy
as well as rapid response time, they have been utilized in
medical diagnostics and pathology.2–11 Surface Plasmon Reso-
nance (SPR) is a physical phenomenon whereby the incident
light wave interacts with a plasmonic metal (usually Au) of
nanometer-range thickness and excites the free electrons at the
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surface of the metal (i.e. at its interface with the overlying
dielectric, typically a liquid analyte which contains the (bio)
molecule to be detected) into coherent oscillations, the so-
called Surface Plasmon Polaritons (SPPs). Most SPR-based
biosensors utilize the well-known Kretschmann conguration
that consists of a gold (Au) thin lm, about 50 nm thick, coated
on top of a glass prism. When light is incident through the glass
prism at a resonance, or critical angle (at which Total Internal
Reection (TIR) occurs) onto a metal–dielectric (usually Au–
liquid) interface, SPPs are generated at this interface. They
propagate and decay as an evanescent wave in the liquid,
enabling to detect refractive index (RI) changes due to the
presence of analyte molecules either in the bulk of the liquid
sample (if no functionalization is present at the interface) or at
the interface. In the latter case, the molecules to be detected are
captured in a functionalization layer with high affinity only
towards the targeted (bio)molecule, e.g. using an antigen–anti-
body type interaction, that is coated onto the sensor surface.
The SPP-induced evanescent electromagnetic (EM) eld
diminishes exponentially away from the interface as the corre-
sponding EM wave traverses through the analyte. The penetra-
tion depth of this eld, Lp, usually dened as the distance from
the metal–dielectric interface at which the value of the eld is 1/
e times the maximum value (where e is the base of the natural
logarithm), is of the order of half the wavelength of the incident
light.12–14 Biomolecular antigen–antibody interactions that
capture the desired biomolecules within this penetration depth
can bring forth a change in the response signal. Thus, even the
slightest change in the RI of the analyte causes the SPR angle to
shi. Hence, in the case of SPR immunosensors, the binding of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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an antigen (owing through/present in the analyte) to an anti-
body a priori immobilized on the sensor surface results in
a change in RI that shis the SPR angle. In commercial SPR
sensors, the shi in resonance angle is observed in a sensor-
gram and it is usually expressed in resonance units (RU). For
most sensors, a change of 1000 RU corresponds to a change of
about 0.1° in the SPR angle. The sensorgram can provide useful
information about the antibody–antigen interaction, such as
the affinity between the two interlocking molecules and their
associated kinetics.15

Recently, new plasmonic nanostructures have been
proposed that can enhance the sensitivity, detection limits and
accuracy of SPR-based biomolecular sensors. Chips employing
nanohole arrays realized in Au lms possess unique optical
properties that have been utilized for the realization of a new
kind of SPR sensors. For example, Xue et al. used antimonene-
modied gold SPR chips to detect microRNA hybridization
events.16 The nanohole-based sensing is based on the
“extraordinary optical transmission” (EOT) phenomenon.
Specically, as was indicated previously in literature,17 Bethe
developed the theory for the diffraction of light through small
holes in a metal lm,18 which was then rst challenged and
ultimately completed by the discovery of the EOT through arrays
of subwavelength apertures.19 Quantitatively, the amount of
light transmitted through a nano-aperture in an opaque metal
decreases with decreasing the hole area, namely scaling with d/
l4, with d being the nanoaperture diameter and l the incident
light wavelength.18 Consequently, the overall transmission
through a hole in an opaque metal lm should be negligible if
the size of the hole is smaller than the wavelength of the inci-
dent radiation. However, this was not what Ebbesen and his co-
workers19 observed in 1998, when they performed light trans-
mission experiments through nanohole arrays in Au and Ag
lms. Contrary to the then-popular Bethe's law, they observed
that the transmitted light was enhanced at certain wavelengths.
This unusual principle was called EOT and, indeed, Bethe's
theory was subsequently extended to arrays of such nano-
apertures.20–22 The EOT effect in nanoholes in a metal is due to
the excitation of SPs that results in increased light trans-
mittivity. In a typical nanohole sensing array, the EOT reso-
nance condition is observed as a peak in the transmissivity
versus wavelength curve and it can reach as much as 100% at
resonant wavelengths,23,24 which is not a contradiction to
Bethe's original work.16 The value of the specic resonance
wavelength depends on the dielectric constants of the metal
and of the adjacent medium.

In the case of SPR, bio-molecular interactions (e.g. capture
via antigen–antibody interactions) that take place within the
penetration depth Lp, which is usually on the order of about
200 nm, result in a shi of the resonance wavelength since the
ligand–analyte coupling changes the RI of the dielectric analyte
at the interface with the SPR sensor.25,26 Commercial SPR
sensors that utilize the traditional Kretschmann conguration
need a prism coupling system to match the propagation
constant of the incident light with that of the surface plasmons
(SPs), as this is a necessary and essential condition for exciting
the SPPs. However, the patterning of the plasmonic metal in
© 2022 The Author(s). Published by the Royal Society of Chemistry
a metallic nanohole array structure can conne SPs at the
metal–dielectric interface without the need of any additional
optical instruments. Hence, a unique plasmonic excitation
system can be realized even when using an inexpensive light-
emitting diode (LED) and a camera. Consequently, unlike the
traditional Kretschmann conguration for SPR sensors,
a nanohole array chip-based SPR immunosensor does not
require additional costly and bulky optical components and,
therefore, is a highly desirable and suitable alternative to SPR
for the development of next generation point-of-care (POC)
clinical devices.27,28

Additionally, the use of two-dimensional (2D) materials in
many optoelectronic applications and devices, such as photo-
detectors and optical modulators, has given promising results
in terms of improved detection capabilities and higher sensi-
tivity. This enhanced performance is due to the advantageous
physical, chemical, optical and electrical properties of these
materials. Recent work on 2D transitional metal dichalcoge-
nides (TMDCs) has shown that their usage in conjunction with
various biomolecules with intrinsic enzymatic capabilities, such
as glucose, cholesterol, glutathione and cysteine, result in the
so-called nanozymes. Nanozymes are a novel class of nano-
materials exhibiting enzyme-like properties and activities. They
are a promising alternative to natural enzymes because their
properties can be tailored for the desired purpose, and as such
they show great promise for biosensing and therapeutic appli-
cations.29 Tungsten disulde (WS2) is one of the desirable
choices among the many TMDC materials discovered to this
date. It has a high optical absorption coefficient of 105–106 cm−1

and a thickness-dependent bandgap of 1.3–2.05 eV.30–36 Because
the atoms of TMDCs exhibit a strong in-plane covalent bonding
and weak van der Waals's interlayer bonding, these layered 2D
materials can be effectively prepared from their bulk counter-
parts. However, it is absolutely necessary to use high quality
WS2 lms that are both uniformly thick and crystalline in order
to achieve high accuracy and efficiency of the optoelectronic
devices using them. Therefore, in order to address these critical
requirements that are typically very hard to be satisfactorily met
simultaneously, we have developed a special WS2 synthesis
approach for depositing lms of very high quality even on very
large areas. For this purpose, chemical vapor deposition (CVD)
was employed to fabricate atomically thin WS2 monolayer lms
on very large areas, namely on the entire surface of a 2-inch
wafer-scale SiO2/Si substrate. However, instead of a single-zone
furnace we utilized a multi-zone furnace as it allows better
control of different internal processes, such as evaporation and
material deposition.37–40 Using a three-zone horizontal furnace,
the evaporation and deposition temperatures in the three zones
can be precisely controlled and this can facilitate the deposition
of WS2 lms of high crystalline quality and of uniform thickness
even over the large areas mentioned previously. Apart from
these much desired characteristics, the deposited WS2 lms
were also extremely exible. When such lms were used in
large-area photodetectors, enhanced photoresponsivity along
with faster response times were observed.40

We have used the same multi-zone CVD approach to deposit
monolayer WS2 lms that were subsequently employed in our
RSC Adv., 2022, 12, 33284–33292 | 33285
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Fig. 1 Schematic illustration of the experimental CVD setup used for
wafer-scale WS2 deposition in a horizontal furnace.
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Au nanohole array chip-based plasmonic sensors. Besides the
original wafer-scale CVD method mentioned earlier, another
novelty of our sensor design lies in the transfer of the WS2
monolayer on top of a Au nanohole array chip. As a result, the
optical transmission of the metallic nanohole array chip was
further enhanced due to the addition of this WS2 thin lm.
Furthermore, when this structure was used to study the inter-
action between biotin and streptavidin, it was observed that the
addition of the WS2 to the Au nanohole array chip also
increased signicantly the shi of the latter's resonant wave-
length. Consequently, our WS2-covered Au nanohole array chip
plasmonic sensor exhibited increased sensitivity towards bio-
molecular interactions as compared to a standard Au nano-
hole array chip sensor which does not have any additional
coating. Section 2 will present the fabrication details of the Au
nanohole array chip and WS2 lms. Section 3 will detail the
various material characterization results along with a detailed
interpretation of the biotin–streptavidin coupling results
measured with our fabricated Au nanohole array chip-WS2
plasmonic sensor. We end this paper with a concluding note in
Section 4.
2. Materials and methods
2.1 Fabrication of gold nanohole array chip

Nanohole array chips were fabricated on 2.5 × 2.5 cm2 glass/
Indium Tin Oxide (ITO) substrates. The ITO layer is critical to
improve the conductivity of the substrate for the subsequent
steps. First, the substrate was spin-coated with 180 nm of
10% wt polymethyl methacrylate (PMMA, Aladdin) 495K
photoresist, followed by hard baking on a hotplate at 170 °C for
5min. Next, a second layer of PMMA 495K of the same thickness
was spin-coated on the substrate, followed by post-bake at 180 °
C for 2 min. Aer the spin-coating of the two successive layers of
PMMA photoresist, electron-beam lithography (EBL) was per-
formed to dene the nanohole array chip pattern in the
photoresist according to our previously reported method.25 The
exposure was followed by development of the photoresist in an
organic solvent mixture of methyl isobutyl ketone (MIBK, Alfa,
$99.5%) and Isopropyl Alcohol (IPA) in a ratio of 1 : 3 for 45 s.
Aer developing, Ti/Au (10 nm/100 nm) thin lms were depos-
ited onto the substrate using electron beam physical vapor
deposition, followed by li-off in solvent stripper. All nanohole
dimensions and sensor uniformity were then characterized by
scanning electron microscopy (SEM, S-4800, HITACHI, Japan).
2.2 Fabrication of monolayer WS2 lms

A horizontal furnace and a quartz tube (3 inch in diameter) were
employed for the wafer-scale synthesis of monolayer WS2 lms.
For this purpose, the precursor materials, namely sulfur (300
mg) and WCl6 (30 mg) powders, were placed in separate quartz
boats located upstream of the gas ow, as illustrated in Fig. 1.
Single-side polished Si wafers 2 inch in diameter, a priori
covered with a SiO2 lm 300 nm thick, were purchased from
Silicon Valley Microelectronics, Inc. The SiO2/Si wafers were
used as the WS2 deposition substrates located downstream in
33286 | RSC Adv., 2022, 12, 33284–33292
the furnace. The precursor materials react at elevated temper-
atures to produce WS2, which may subsequently precipitate
onto the receiving substrates to yield WS2 lms. The deposition
temperature was xed at 900 °C. Before heating, the base
pressure of the tube was pumped down to 1 mTorr. Argon (300
sccm) and hydrogen (20 sccm) were introduced in the system
during the material deposition. The deposition time was
30 min. Aer the WS2 deposition, the system was cooled natu-
rally to room temperature under Ar ow.
2.3 Transferring the WS2 lm onto the gold nanohole array
chip

A thin PMMA lm was spin-coated (3000 rpm, 1 min) on top of
the WS2 layer deposited onto the SiO2/Si substrate and cured at
120 °C for 2 min. The PMMA/WS2 lm was detached from the
substrate by etching the SiO2 layer in 2% wt hydrogen uoride
solution (obtained by dilution with DI water of HF with
concentration $40% purchased from Alfa), as shown in Fig. S1
in the ESI le.† Aer rinsing in deionized (DI) water, the PMMA/
WS2 lm was oated on the water, which could be scooped up
by, and attached onto, the Au nanohole array chip and dried on
a hot plate (80 °C). Finally, the PMMA was removed by rinsing
with toluene several times. The residual WS2 lm was tightly
adsorbed on the surface of the Au nanohole array chip.
2.4 Functionalization of the WS2 lm

The process steps for the functionalization of the WS2 lm
surface are shown in Fig. S2 in the ESI le.† The sensor fabri-
cated as described in the previous section was rst carefully
rinsed with DI water and dried under a stream of nitrogen gas.
All the surface functionalization was done by dropping 10 mL of
corresponding solution on each sensing site and incubating in
a humid chamber at room temperature (25 °C), atmospheric
pressure and 95% relative humidity for 2 hours. The use of
polyethylene glycol (PEG, Aladdin, $99%) as linker was
important in order to minimize the non-specic target binding
and improve surface hydrophilicity. A previous study showed
that a 1 : 3 mixture of long and short PEGs exhibited the best
capture yield,28 which could thus enhance the detection sensi-
tivity of our sensor. The sulydryl (HS) group reacts readily with
many thiol reactive groups, and can also easily bind to Au and
other noble metal surfaces with high affinity. The realized
conjugated sensors were stored in phosphate buffered saline
solution (PBS, 0.1 M, pH 7.0) at 4 °C for subsequent use. All
sensor surface modications were spectrally monitored to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Monolayer WS2 films grown on SiO2/Si substrates. (a) Photo of
a 2 inchwafer coveredwith aWS2monolayer; (b) microscope image of
the WS2 monolayer with an intentional scratch.
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ensure uniform functionalization, as described in Section 2.6.
The morphology of the functionalized WS2 lms was charac-
terized by transmission electron microscopy (TEM, TecnaiG2
F20 S-TWIN, FEI, USA), and the obtained images are shown in
Fig. S6 in the ESI le.† The photos in that Figure show clearly
the ordered structure of the WS2 surface aer functionalization,
whereby the few white spots in Fig. S6a† are due to proteins that
remained attached onto the surface.

2.5 Biotin–streptavidin coupling

For this study, biotin–streptavidin coupling was chosen to
demonstrate the sensor's capability for highly sensitive biolog-
ical detection. The choice of biotin–streptavidin coupling was
due to the fact that this AG–Ab pair has been widely used for
SPR immunoassays, especially in sandwich-based signal
enhancement assays. This system is also simple and very
effective because of its high binding capacity, reproducibility
and chemical resistance.

Specically, we functionalized both the bare and the WS2-
coated Au nanohole array chips with thiol-PEG biotin as
described previously in Section 2.4, and then employed poly-
styrene (PS) beads coated with 70 nm of streptavidin as detec-
tion targets, as illustrated in Fig. S3 in the ESI le† and 7a. Aer
the thiol-PEG functionalization, the sensors chips were washed
with PBS three times consecutively and blown dried with
nitrogen, aer which a suspension solution of streptavidin-
coated PS beads was applied onto the biotin-functionalized
sensor surface as was also indicated in Section 2.4, and incu-
bated for 30 min. Aer target incubation, the sensor surface was
rst washed with PBS for 5–10 min. This was immediately fol-
lowed by another set of measurements with another suspension
of PS beads with a different concentration. The previously
captured beads were not removed as the new measurements
with different concentration of beads were subsequently per-
formed at different sensor sites or with a different new fresh
sensor. The process was then repeated as many times as
necessary, until the behaviour for all concentrations of interest
has been fully characterized.

2.6 Optical and spectrometric analyses

A tungsten halogen lamp (4.75 W, StockerYale Inc.) was used to
back-illuminate the Au nanohole array chip sensor (with or
without WS2 layer) through a ×10 microscope objective. The
transmitted light was collected by an optical ber and fed into
a spectrometer (Ocean Optics Flame spectrometer), which
analyzed the transmitted light in the wavelength range 336 nm
to 1661 nm, with a step of 0.4 nm. The main goal was to
determine the performance of the sensors, i.e. to investigate the
spectral behaviour of the Au nanohole array chips (with or
without WS2 layer) for different RI values of the analyte. For this
purpose, a series of sucrose solutions with different concen-
trations were used. The RI of each solution was determined with
a uniREFRACTO digital handheld refractometer before
measurement and the RI values were in the range between 1.333
and 1.362. All measurements were performed at room temper-
ature, in an enclosed box to eliminate ambient light
© 2022 The Author(s). Published by the Royal Society of Chemistry
interference. The transmitted light intensity was digitally
recorded in counts against wavelength by the Ocean optics
ame spectrometer and processed using Oceanview 1.6.5 so-
ware. For spectral analysis, the spectral peaks were determined
using a custom-built R program by tting each transmission
peak with a multi-order polynomial curve using the local
regression method.

In order to quantify the limit of detection (LOD) of the Au
nanohole array chip sensors without and with WS2 top coating,
additional spectral measurements were performed. The base-
line spectrum of the functionalized sensors was rst measured
in PBS buffer before introducing the beads suspension onto the
sensor. A minimum value of 0.25 nm was determined for the
shi of the main transmission peak detection level using three
times the value of the standard deviation of the spectral peak
position measured in PBS in steady state for 5 min. The LOD of
each sensor was then extracted by determining the intersection
point between the measured titration curve and this minimum
level, and the results are indicated in subsequent Section 3.3.
3. Results and discussion
3.1 Morphological and structural characterization of
deposited WS2 lms

We have successfully deposited monolayer WS2 lms on 2-inch
SiO2/Si substrates, as shown in Fig. 2. It can be easily seen that
the deposited WS2 thin lm is continuous and uniform over the
entire wafer surface area.

A key advantage of the method described in Section 2.2 is
that the number of atomic layers in the deposited WS2 lms can
be very precisely controlled by controlling the amount of WCl6
used in experiments. Further characterizations were performed
to investigate the composition and structure of the as-deposited
WS2 lms and to conrm that it is indeed only one atomic layer
thick and of good crystalline quality. The atomic force micros-
copy (AFM) images in Fig. 3a and b show that the thickness of
the synthesized WS2 monolayer in that examined sample was
0.64 nm. Thickness characterization measurements were per-
formed on ten WS2 monolayer samples, whose measured
thickness ranged between 0.6 and 0.9 nm, as shown in Table
ST1 in the ESI le.† Likewise, the Raman shis have also been
measured for the same WS2 monolayer samples, as shown in
Table ST2 in the ESI le.† Themean value of the WS2 monolayer
RSC Adv., 2022, 12, 33284–33292 | 33287
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Fig. 3 Structural characterization of our monolayer WS2 film: (a) AFM
scan image taken over the transition from a region without deposited
WS2 film (left side), to one with deposited film (right side). (b) Height
profile along the white dashed line shown in (a). (c) Raman spectrum of
the WS2 monolayer film grown on silicon substrates. (d) Photo-
luminescence (PL) of the synthesized WS2.
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thickness and its standard deviation resulted from all these
data are 0.723 nm, and 0.097 nm, respectively. The mean value
of the Raman shi for the E1

2g peak and its standard deviation
are 356.385 cm−1, and 0.9899 cm−1, respectively. Fig. 3c shows
the Raman spectrum of the obtained WS2 lms, which exhibits
2 characteristic Raman modes, A1g and E1

2g. The full width at
half maximum (FWHM) of the E1

2g peak is 4.3 cm−1, close to that
Fig. 4 Images of our sensors with Au nanohole arrays. (a) A photograph o
a portion of the initial bare Au nanohole microarray. (c) The final WS2–A
array chip (left side), compared to the bare (non-WS2-coated) Au nanoh

33288 | RSC Adv., 2022, 12, 33284–33292
of the exfoliated monolayer, 3.7 cm−1. This suggests a very good
crystalline quality in the synthesized lm. Furthermore, the
photoluminescence (PL) spectrum illustrated in Fig. 3d shows
a very sharp and strong single peak at ∼625 nm, which suggests
that the deposited WS2 lm is a monolayer with a band gap of
∼2 eV.

Aer the transfer of the synthesized WS2 lm onto the Au
nanohole array chip (Fig. 4a and b), obvious differences can be
noticed in Fig. 4c between WS2-covered and bare Au nanohole
arrays.
3.2 Optical performance of the sensors

Fig. 5 shows the performance of the bare Au nanohole array
chip (i.e. without any WS2 lm added onto it) when subjected to
analytes of various RI values. It can be seen in Fig. 5a that there
are three important and useful peaks in the transmission
spectrum. The rst is a smaller but very clearly dened peak
situated in the range 630–640 nm, followed by two other peaks,
one in the range 620–640 nm, and the other in the range 700 to
720 nm, respectively. However, although these two other peaks
have much larger amplitudes, they also are broader and have
more bandwidth uctuations than the rst peak. Thus, the
second and third peak are not suitable to measure small
changes in the surrounding analyte's RI value. Fig. 5b shows
similar plots, but for the Au nanohole array chip with the WS2
lm added onto it.

The plot in Fig. 6a compares the transmissions of both the
bare Au nanoarray sensor and the WS2-coated one when PBS
f the final WS2-coated Au nanoholemicroarray sensor. (b) SEM image of
u nanohole sensor after the transfer of WS2 film onto the Au nanohole
ole array chip (right side).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Transmission spectra of: (a) bare Au nanohole array without anyWS2 film, and (b) the chip covered withWS2 film. In both cases the sensors
were exposed to solutions of sucrose with different RI values indicated in each case.

Fig. 6 (a) Transmitted light spectra of bare Au nanohole array with and without the addedWS2 film, when exposed to PBS. (b) Dependence of the
first transmission peaks' wavelengths as a function of the solution's RI value for the Au nanohole sensors without and with WS2 film, respectively.
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was used as analyte. It is evident that the addition of the WS2
lm atop the Au nanoarray had a benecial inuence by
increasing the magnitude of all the 3 initial transmission peaks
of the bare Au sensor. The generally increased transmissivity of
the WS2-coated Au nanohole array chip is due to enhanced
generation of SPs induced by the additional TMDC layer.
However, at the same time, it can also be seen that, for the WS2-
coated sensor, the central wavelengths of all peaks exhibit
a visible red shi towards larger wavelengths caused by the
addition of the WS2 lm atop the Au nanohole array chip. The
peak wavelength of the rst peak is red-shied with 5.6 nm, but
the most signicant changes/red-shis are especially those of
the second peaks with values of 26.89 nm. Unfortunately, the
second and third peaks have now almost merged because of the
largest red-shi exhibited by the second peak as well as the
signicant broadening of both these peaks. This would make
much more difficult their detection and extraction of the exact
amount of their wavelength shi, further supporting our
previous statement that the second and third peaks are much
less suitable for an accurate quantitative analysis that would
provide the desired information about the analyte's RI value.

The recognition mechanism for the analyte is based on
biotin–streptavidin interaction. We rst modied the sensor
© 2022 The Author(s). Published by the Royal Society of Chemistry
surface with biotin-PEG linkers and used streptavidin-coated PS
beads (purchased from Spherotech) as analyte. The interaction
of biotin and streptavidin has been exploited in many protein
and nucleic acid detection and purication methods. Strepta-
vidin is a 66 kDa (tetramer) protein puried from the bacterium
Streptomyces avidinii. Streptavidin homo-tetramers have an
extraordinarily high affinity for biotin (also known as vitamin
B7 or vitamin H). With a dissociation constant (Kd) on the order
of about 10−14 mol L−1, the binding of biotin to streptavidin is
one of the strongest non-covalent interactions known in nature.
Streptavidin is used extensively in molecular biology and
bionanotechnology due to the streptavidin–biotin complex's
resistance to organic solvents, denaturants (e.g. guanidinium
chloride), detergents (e.g. SDS, Triton X-100), proteolytic
enzymes, and extremes of temperature and pH.

Fig. 6b summarizes the linear dependencies of the central
wavelengths of the rst transmission peaks on the analyte's RI
value for both types of chips. The key data extracted from the
linear tting equations for the red shi of the main trans-
mission peaks of both types of sensors are summarized in Table
1. Fig. 5 and 6, as well as the data given in Table 1, show that the
spectral shis of both sensors present excellent linear correla-
tion with increasing the analyte's RI value.
RSC Adv., 2022, 12, 33284–33292 | 33289
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Table 1 Extracted parameter values for the linear fitting equations y =mx + n quantifying the measured dependence of the central wavelengths
of the first (main) transmission peaks on the RI value of the analyte

Fitting parameter values
Bare Au nanohole
array chip

WS2-covered
Au nanohole array chip

Slope (sensitivity) m [nm/RIU] 458.2 563.2
Y-axis intercept n [nm] 624.2 629.9
R2 0.9934 0.9908
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The data in Table 1 indicate that the sensitivity of the WS2-
coated sensor was 1.23× larger than that of the bare Au nano-
hole array chip. Even if the shi of the second transmission
peak were monitored to deduce the analyte's RI value, then the
Au/WS2 sensor would still be approximately 22%more sensitive
than the bare Au one. All these results prove that the addition of
the WS2 lm indeed increases the sensitivity of the Au nanohole
array chip sensor.
3.3 Analysis of biotin–streptavidin biomolecular
interactions

As mentioned in sub-sections 2.5 and 2.6, the performance of
both sensors was assessed by subjecting them to suspensions of
streptavidin-coated PS beads with different concentrations. The
surface of our WS2–Au nanohole array chip immunosensor
resulting aer functionalization with biotin and tested using
streptavidin-coated PS beads is schematically represented in
Fig. 7a. All the measurements were performed in triplicate.
Successive 1 mL suspensions of PS beads of different concen-
trations obtained by serial dilutions were applied to the sensor
and incubated for 30 min. to complete the binding process.
Unbound beads were washed away with PBS for three times
before spectral measurements. The number of beads was
determined using a Countess 3 automated cell counter. The
titration curve was linearly tted for subsequent analysis to
extract both the corresponding slope (sensitivity) and the
intersection between the t line and the pre-determined
minimum detection level necessary to determine the LOD
Fig. 7 (a) Schematic representation of our WS2–Au nanohole array SPR i
coated PS beads. (b) Measured optical spectral shift for the central wave
coated PS beads concentration for plain and WS2-coated Au nanohole a

33290 | RSC Adv., 2022, 12, 33284–33292
value for each sensor, as was described at the end of previous
Section 2.6.

Because the RI value of the PS beads (1.59) is higher than
that of the surrounding PBS solution (1.334), the sensors will
exhibit a shi of the rst transmission peak proportional to the
number of bounded PS beads on surface. Indeed, as expected
from the previous measurements with analyte solutions of
different RI values, in this case, too, the RI of the analyte
changed as the number of beads increased, resulting in a pro-
portionally larger shi of the rst transmission peak, as shown
in Fig. 7b. The equations of the tting lines and exact values of
their extracted parameters are summarized in Table 2.

Since the previous results determined that the central
wavelengths of all the peaks in the transmission spectrum of
the Au nanohole array chip sensors shied when varying the RI
of the analyte, a spectral shi in the rst peak's central wave-
length proportional to the beads concentration should occur in
this case as well. Indeed, our measurements conrmed this fact.
As it can be seen in Fig. 7a and b much more accentuated
spectral shi for the rst transmission peak can be noticed for
the Au/WS2 sensor as compared to that of the bare Au nanohole
array chip. The amplication, dened as the ratio between the
spectral shis for the Au/WS2 plasmonic nanosensor relative to
that of the bare one, has a maximum value of 225% (0.4 nm
wavelength shi for the bare Au and 0.9 nm for the WS2-coated
Au nanoarray sensors) for a concentration of 108 PS beads per
mL. The signicantly improved performance of the WS2-coated
sensor is also clear from the extracted values of both the slope of
mmunosensor functionalized with biotin and tested using streptavidin-
length of the first transmission peak as a function of the streptavidin-
rrays sensors functionalized with biotin.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Extracted parameter values for the fitting equation y=m log x + n quantifying the measured dependence of the optical spectral shift for
the first transmission peak as a function of the concentration of streptavidin-coated PS beads for plain andWS2-coated based Au nanohole arrays
sensors functionalized with biotin

Fitting parameter values
Bare Au nanohole
array chip

WS2-covered
Au nanohole array chip

Slope (sensitivity) m [nm logmL−1] 0.1338 0.2542
Y-axis intercept n [nm] 0.2676 0.5084
R2 0.964 0.969
LOD [nr. of PS beads per mL] 7.46 × 106 106
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the tting lines and the LOD values. It can be seen that the
sensitivity of the Au/WS2 nanohole array sensor chip is almost
twice as large as that for the plain Au sensor. This increased
spectral shi sensitivity of the Au/WS2 sensor is due to the
enhanced light–matter coupling at the nanoholes that produces
more surface plasmons, thus resulting in an augmented
transmittivity.

Finally, the WS2-coated sensor also is signicantly more
sensitive, exhibiting a LOD 7.46× smaller than that of the bare
Au nanohole array chip sensor. This is because the LOD values
expressed in terms of beads concentration for the WS2-coated
nanohole array chip and the bare Au one are 106 PS beads
per mL and 7.46 × 106 PS beads per mL, respectively. However,
because we only used 1 mL of solution for each measurement,
the LOD can be expressed simply by the number of captured
beads for this analyte volume, resulting in the corresponding
values of 106 PS beads per mL and 7.46 × 106 PS beads per mL,
respectively. To compare these performances with the typical
responses of other SPR biosensors, Table ST2 in the ESI le†
compares LOD values reported in literature41–44 for different
plasmonic sensors functionalized with different receptors for
specic detection of various substances with RI and size similar
to those of the PS beads (75 nm in diameter and RI = 1.59) used
in this work. We also measured the SPR transmission intensity,
full width at half maximum (FWHM) of the spectral peak, and
detection sensitivity of different sensors. The obtained results
show uniform fabrication and consistent optical performance
across sensors (Table ST3†).

In fact, as is well known, most plasmon-based applications
mainly rely on local eld enhancement induced by metallic
nanostructures at optical wavelengths for various applications,
including biosensing.45–47 In other words, the observed
improved performance of the sensor could be due to the
manifestation of the same EOT phenomenon mentioned
previously. In turn, this EOT appears because of the intense
eld concentration, inside and in the immediate vicinity of the
Au nanoapertures, that provides a high transmission efficiency
above unity.48
4. Conclusions

A Au nanohole array chip-based SPR sensing technology elimi-
nates the need of having complex and bulky system compo-
nents and thus it can be easily miniaturized and used in many
lab-on-chip sensing applications. In this paper, we have
© 2022 The Author(s). Published by the Royal Society of Chemistry
designed a novel plasmonic sensor chip made up of a WS2
monolayer coated on top of an Au nanohole array chip
substrate. The WS2 lm has been deposited using an original
CVD method that allows to obtain lms of excellent crystalline
quality and uniformity even on large area substrates. Speci-
cally, our WS2-coated nano-plasmonic sensor detected biotin–
streptavidin coupling with a 190% enhancement in sensitivity
and a LOD 7.46 times smaller as compared to those of a simple
Au nanohole array chip-based sensor when the wavelength shi
of the rst transmission peak is monitored. This observed shi
of the plasmonic-enhanced transmission mainly depends on
the properties of the metal lm and the RI of the media on
either side of the metal lm. Particle binding increases the RI
on the sensor surface, which induces a spectral shi to a longer
wavelength.25,28 At the same time, we believe that the explana-
tion for our device's signicantly improved performance is that
the addition of WS2 on top of the Au nanohole array chip
promoted greater interaction between the incident light and the
plasmonic substrate. This enhances the generation of surface
plasmons with strong localized electric elds which, in turn,
enhances the interaction between the sensor and the bio-
component, resulting in improved sensitivity and reduced LOD.
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